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I. - INTRODUCTION

The synthe51s of rod-like aromatlc heterocycllc polymers '
has created the opportunity to develop a new class of polymerlc
structural materlals. Within this context a concerted effort ’
is underway to investigate the concept of u31ng a rod llke o
aromatlc heterocycllc polymer blended w1th a c01l llke aromatlc
heterocycllc polymer to form a molecular comp051te. These'
polymers are the subject of an extensive research and development
program to explore their phys1cal propertles and mechan1ca1 »

[3]

behav1or. The intent of this present program is to relnforce

the 0011 iike or amorphous polymer with the rod llke polymer,
{Hus’ formlng a compos1te on the molecular level analogous to "ii

chopped ‘fiber relnforced comp031tes and posses51ng 51m11ar o
‘ 1] - P T

propertles.

Varlous combinations .of extended chaln, rod-like - polymers
with chemlcally similar amorphous coil-like polymers have. been.

1nvestlgated [2]

A pair of polymers, rod-like poly- para- phenylene
benzothlazole (PBT) - with its improved thermo ox1dat1ve stablllty
and solublllty - and amorphous poly-2, 5(6) ben21m1dazole (ABPBI)
chosen so as to be compatlble with PBT - has been shown[2 31

be the most promlslng blend among those polymer palrs belng studled

N S
OO
S N n
, | //Nj:lllll//i//'
l /\N n
H .

AB-PBI




4,5]

were made to obtain composite films

Previous attempts
via solutions which were ~2% by volume of various ABPBI/PBT
compositions in methane sulfonic acid. Various processing
techniques (e.g., vacuum casting, precipitation, and shear
quenching) and various post-film treatments (e.g., mechanical'

(21

stretchiﬁg; "solvent stretching”, and annealing) were ;
explored. These variations showed that the mechanical Qrcperties
as well as the morphology of the individual films could be sig-
nificantly altered and that a pseudo-molecular composite had

been prepared. This work identified an aggregate formation in
the films which exhibited hi§h degrees of composite typekrein-:
forcement, but unfortunately offered limited processing poténtial.
The insight gained from this work led to the study of the mor-
phological nature of the polymer solutions, both before and during
processing. Without an understanding of the solution morphology
it was difficult to predict or manipulate’ﬂuemcrphoiogy‘

and properties of the composite films. ‘

Consequently, the present investigation was initiated to
determine morphologically the critical processing conditions of
a ternary system as described above. The solvent used through-
out this investigation was a mixed solvent containing 97% (by
volume) methane sulfonic acid (MSA) and 3% chlorosulfonic -acid
(Csa).

Two critical processing conditions were considered in the
‘present case; i.e., concentration and temperature. Later,
critical parameters such as molecular wéight and molecular
weight distributions of the rod-like polymer will be considered.

Thermaéynamic considerations, especially phase relation-
ships, of such a ternary system is of basic significance because '
any end-products (films, fibers, etc.) made from the ternary
system are intrinsically influenced by the morphology present
in the processing solutions. A statistical thermodynamic theory
concerning the phase relationships of such a ternary sysiem was

[6]

recently put forward by Flory. This theory served as a guide
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Previous attemptsgé‘S}

were made to obtain composite films
via solutions which were n2% by volume of various ABPBI/PBT
compositions in methanebsulfonic acid. Various processing
techniques (e.g., vacuum casting, §recipitatiénf and shear
quenching) and various post-film treatments (e.g., mechanical

stretching, "solvent stretching“;{zl

and annealing) were
explored. These variations showed that the mechanical properties
as well as the morphology of the individual films could be sig-
nificantly altered and that a pseudo-molecular composite had

been prepared. This work identified an aggregate formation in
the films which exhibited high degrees of composite type rein--
forcement, but unfortunately offered limited processing potential.
The insight gained from this work led to the study of the mor-
phological nature of the polymer solutions, both‘befare an&‘&ﬁriﬁg
processing. Without an understanding of the solution morghaicgy
it was difficult to predict or manipulate the morphology

and properties of the composite films.

Consequently, the present investigation was initiated to
determine morphologically the critical processing conditions of
a ternary system as described above. The solvent used through~
out this investigation was a mixed solvent containing 97% (by
volume) methane sulfonic acid (MSA) and 3% chlorosulfonic acid
(Csa).

Two critical processing conditions were considered in the
present case; i.e., concentration and temperature. Later,
critical parameters such as molecular weight and molecular
weight distributions of the rod-like polymer will be considered.

Thermodynamic considerations, especially phase relation-
ships, of such a ternary system is of basic significance because
any end-products (films, fibers, etc.) made from the ternary
system are intrinsically influenced by the morphology present
in the processing solutions. A statistical thermodynamic theory
concerning the phase relationéhips of such a ternary system was

[6]

recently put forward by Flory. This theory served as a guide



for the present research and will be discussed first. Secondly,
schemes for studying the morphology of such solutions will be
presented. Finally, experimental results of the present
ternary system and recommendations for further processing-
morphology elucidation will be presented. .

II. BEHAVIOR OF SOLUTIONS CONTAINING RIGID
ROD-LIKE POLYMERS :

A. Binary Systems

ﬁhen linear flexible-chain polymers are diSsoived in
a solvent, they usually assume the configuration of a random
coil, which may be represented schematically by Figure 1l(a).
If the chains are made of stiff units and are linked so as to
extend the chain in one direction, then they must. be rod-like
and may be represented in Figure 1l(b). Association with solvent
may contribute to the rigidity and to the volume occupied by
each polymer molecule.

As the concentration of the rod-like polymer solute is
increased and the saturation point for the random array of rods
~ is reached, the solution may simply become a saturated solution.
With excess polymer or, if the condition of the solvent-polymer
interactions are correct, additional polymer may be dissolved by
forming regions in which the polymer chains and associated solvent
approach a parallel arrangement as illustrated in Figure 1l(c).
These ordered regions are mesomorphic or ligquid crystalline
in nature and form an optically anisotropic phase incompatible

with the isotropic phase.

In his classic paper[7] published in 1956, Flory
theoretically examined the behavior of rigid rod-like polymers
in solution and the conditions under which they would yield
"tactodial" anisotropic phases. One of his phase diagrams is
shown in Figure 2. The phase diagram relates temperature and
the solvent-polymer interaction parameter, ¥, to the volume
fraction, Vor for polymer rods with an axial ratio of 100. The
major predictions of the Flory's theory are:




(a) RANDOM COIL (b) RANDOM RODS

(c) RODS IN LIQUID CRYSTALLINE NEMATIC STATE

Figure 1. Schematic Representation of Polymer
States in Solution.
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" Figure 2. Diagram Relating the Solvent-Polymer
Interaction Parameter (X3;) and the
Volume Fraction (v,) of Rod-Like
Polymer Molecules “With the Formation
. of a "Tactodial" Solution Phase
(Ref. 7). '




(i} At a constant low temperature (or constant
Xq7 X1>0}; as the concentration of the rod-like pciymeré
increases, the originally isotropic solution separates into an
isotropic and anisotropic liquid crystalline phase as a conse-
quence of the asymmetry of the particles. This is assumed to
be an athermal process, i.e., without any attractive interaction
energy being involved. This heterogeneous region exists for a
very wide range of concentrations.

(ii) At a constant high temperature, as the cencentra-
tion of rod-like polymers increasesf(the originally isotropic
solution will pass through a very narrow heterogeneous (or |
biphasic) region, and finally the solution will become totally

anisotropic. ‘ AN

(iii) If the concentration is greater than C_ as

R .
indicated in Figure 3, an isotropic solution cannot be obtained

at any temperature.

The requirements for the formation of anisotropic
liquid crystalline solutions in polymers with rigid chain back-
[8]

bone are

(a) The polymer‘must have a rod-like conformation;

(b) The molecular weight must exceed a minimum value,
which may be expressed in terms of the aspect ratio; ,

(c) A solvent must exist that is capable of dissolving

the polymers beyond a critical concentration value.

In general, such rod-like polymers form liquid crystalline (LC)
solutions as concentration increases due to their inherent rigid

chain conformation. Such LC solutions are called lyotropic liquid
crystals. Lyotropic systems also show a thermotropic behavior:

on heating they become isotropic.

The formation of the liquid crystalline solution phase
of rigid rod-like polymers can be recognized by the following

characteristics.
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- (i) Visual observations of turbidity and opalescence
upon stirring;

(ii) Depolarization of plane polarized light;

(iii) Solution viscosity (see Figure 3) showing a
critical concentration point; and

(iv) Orientation in a magnetic field.

As shown in Figure 3, as the concentration of the
rod-like polymer is increased the bulk viscosity also increases.
The slope of the curve, however, abruptly changes when a critical
concentration point is reached. The viscosity now begins to drop
and the solution consists of two phases. As more polymer is
added, the viscosity drops further and the amount of anisotropic
~phase increases. This continues until a saturation point is
reached at which solid polymers will be excluded from the solution

and the viscosity will rise again.

B. Ternary Systems

‘ The above described characteristics {Figutes 2 and 3)
of the liquid crystalline solution of a binary system may also
be applied to a ternary system containing at least one rod-like

component.

High molecular weight, flexible polymers are in general
. incompatible with one another, and the solubility of these
polymers in a solvent is rather limited. When two such polymers
can be dissolved in a common solvent and attain a high or moder- '
ate concentration, the resultant solution may separate into two
coexisting isotropic phases, each containing a high concentra-
tion of one polymer and a low concentration of the other polymer.

The behavior of the solutions containing rigid rod-like
polymer molecules is drastically different. A theory recently
put forward by Floryig_lz] states that if a stable concentrated
solution of two types of rod-like polymers can be prepared in a
common solvent, then a single anisotropic phase, i.e., a lyotropic,
nematic liquid crystalline phase may be obtained. When such a

single phase solution is diluted, an isotropic phase will ag?ear



and will be in thermodynamic equilibrinm with the anisotropic‘
phase. The concentration range in which the two phases co ex1st
is much wider than that of the binary system as descrlbed above.
Upon further dllutlon, the anisotropic phase will vanlsh and only
a 51ngle 1sotrop1c phase remains. The concentration of rod-like
polymer in, and the molecular weight distribution between’, the
two co-existing phases were recently investigated- by Kwolek

et a1., 13! p 14,151

and by Aharoni and Wals Their results were

shown to be in general agreement with the theory.[16’17]

When one of the rod-like polymers 1s replaced by a,j
flex1ble chaln polymer, the solution behavior of such a ternary

system is also dlfferent from the systems described so far.

, In a theory recently developed by Flory,LG] the statls—
tlcal thermodynamlcs of a ternary system con51st1n§ of an 1so—
diametrical solvent (component number 1), a rod- like polymer‘
solute (component number 2), and a random-coiled polymer (com-
ponent number 3) is considered. The diameters of components 2
and 3 are assumed to be equal to that of the solvent. The axis
ratio of component 2 is X, and the contour length of component 3
is X3i i.e., the molecular‘volumes of the three components are
in the ratio of l:x2:x3. The axis ratio X, may also be denoted
as the aspect ratio of the rod-like molecule. The theoretical
treatment is restricted to "athermal" mixtures; i.e., to systems

in which the exchange of free energy is null.
cC. Theory

The solutes of the ternary systems treated in Flory's
paper represent extremes, The one consists of rigid particles
of well-defined geometrical form and the other of molecules
possessing a substantial degree of flexibility, which therefore
may'aSSume highly irregular spatial configurations. The profound
differences in their mixing behavior are reflected in their
limited’ compatlbllltv with one another. Partitioning of the -

solute molecules between nematic and isotropic phases in -




equilibrium, as considered here, is reminiscent of the "frac-
tionation" of the pair rod-like solutes differing in axis ratio
considered in Reference 10. Here, however, it is even more
marked than for'systems encountered in Reference 10.

When the total concentration of the blended polymers
is increased beyond a critical concentration point {CR}, liquid
crystalline domains, or phases will form, in which the rod-like
solute molecules are preferentially aligned with the cylinérical
axis of the domain. The degree of orientation of these mclecuias
may be expressed in terms of a "disorientation factor" y, which
is defined by a model as illustrated in Figure 4.

The mixing partition function (i.e,, number of ways of

inserting n, rod-like molecules and n, coil-like solute molecules

3
into n, lattice sites) for the anisotropic phase in equilibrium

with the isotropic phase is derived to be:

2n
. - {ng - n2€x2 - y)]y“?
m n, (y-1)
{(n, - Xx.n )in.in ,
0 22 2°7°0 (1)
D3
(ng = xpnp)iZ5
- _ ni3(xs; - 1)
{ng inz x3n3}.n3!nG
_ _ 22‘}.2 Ing .
z_ = [ng = ny(x, - ¥)1ty"" 2, | (2)
[na(y = 1) + n3(xs; - 1)1
n1!n22n32n0 | , ‘
where
ny = n; + n2x2 + n3x3 {3}

and Zq is the internal configuration partition function for the
random coil. The first factor in Eq. 1 expresses the expected
number of configurations the rod-like molecules may assume in

the empty lattice. The second term in Eg. 1 takes into account
the configurations accessible to thevn3 random coils subsequently
added to the lattice. Introduction of the Stirling's approxima-
tions for the factorials in Egs. 1 and 2 leads to

10



Figure 4.

(a) A Rod-like Particle of Axis Ratio
X Oriented at Angle ¢ to the Domain
Axis AA. (b) The Model Comprising

y = X Sin { Submolecules, Each Sub-
molecule Being Parallel to the Domain
Axis AA.

11




- —_ ¥ ] | - -
In z_ n, In vy +n, In vy + ng in V3 n, [l’ vé(l y/xz}}
2
x lIn [1 - vé (1 -~ y/xz)} +,n2{y - 1) - n, In {xzy )+ (4)
nj(xy = 1) - n; 1In {x333)
where vi, vi, and vg are the volume fractions of the respective
components.

Equating EZM/Zy to zero, one obtains
exp(-2/y) = 1 = vi(1 - y/x,) (5)

Eg. 5 relates the disorientation factor to vi and xé in the

anisotropic phase in which the system is most stable.

The chemical potentials that follow from Eg. 4 are
given by

i

(My = ¥;°)/RT = 1n vi + vily - 1)/x, + vi(1 - 1/x5) -

In[l - vé(l - Y/x2}§

(6)

{uz - §2°}/RT = In{vﬁ/xz) + Vé{y - 1) + v§x2€l - 1/x3) - -
y In[l - vé{l - y/xz)l - 21lny
{H3 _ QBO}/RT = ln{vi/x3} + vé(x3/x2}{y - 1) + v%{x3 - 1) - @)

x., In[l - vé(l - y/xz)] - lnz3

3
where y is understood to assume its equiiihrium value given by
Egq. 5. Substitution from Eg. 5 in each of the above eguations
yields the chemical potentials of the three components in the
anisotropic phase. |

{ﬁl - nl°}/RT = 1n vi + vé{y - l}/x2 + vé{i - 1/x3} + 2/y (9)
(B, = B,°)/RT = lﬁ{Vi/xz) +vily - 1) + vix, (1 - 1/x3} +

(10)
2(1 - 1n y)

12



While the chemical potentials for the isotropic phase has been

derived in Ref. 7.

(3 = ¥ °)/RT = In vy + vy(1 = 1/x)) + va(l = 1/x35) (12)
(nz _vp2°)/RT = ln(vz/xz) + v2(x2 - 1) + v3x2(1 —,l/x3) —'vk13i

lnx22

(3 = W32 /RT = In(vy/xy) + Vyxy(1 = 1/%,) + vylxy = 1) -

1n32
At the equilibrium betweenvthe two phases, one obtains’
by equating the chemical potentials given by Egs. 9, 10, and 11
in the anisotropic phase to the corresponding chemical potentials
in the isotropic phase given by Eqgs. 12, 13, and 14, respectively,
" the following relationships ' ' I '

CIn(vi/v]) = A-B - 2/y o as)
ln(vé/vz) = (A - B)x2 - 2 1ln (xza/y), | R (1l6) .
where - . : L v o
: ' A =vy(1 - 1/x,)) + vy(l = 1/x,) - (17)
and ’ N ‘ '
B = vé(y - ])/x2+-vé(l - l/x3) ' (18)

Elimination of (A-B) by combination of Eg. 17 with 16 gives
ln(vé/vz) - (x2/x3)ln(vé/v3) - 2x2/y -2 1n(x2a/y) (19)

For given Xyr Xg and vé, these equations may be solved
for y, vé, Vo and v, as follows. One first obtains y from Eg. 5

3
from xz‘and vé. Choice of trial wvalues ﬂn:v3 and Vo permits
evaluation of A according to Eq. 18, and of vé by use of Eq. 19.

Substitution of vy, vé and vé

then be used to obtain a value for v2>to replace the trial Ve

in Eq. 19 gives B. Equation 16 may

The value df'-v2 that is consistent with- the chosen vy may then be
determined by iteration. Substitution of Vi =1 - vé - vé in

Eq. 15 yields-a value of vy which may then be chosen and the
procedure repeated, and so forth until a satisfactory solution

is obtained.

13




I1T. EXPERIMENTAL

A. Materials and Solution Preparation

The polymers used for the preparation of concentrated
solytions were poly-2,5 (6) benimidazole (ABPBI---AF-R-56, outside
cut B, p = 1.4-1.6 g/cm3, {nlimh = 11-17 dl/g, M, = 160,833-309;830
g/mole) and poly-para-phenylene benzobisthiazole (PBT-2122-57,

[nl = 18 dl/g, p = 1l.64 g/cml, M_ = 30,000 g/mole). The former
is assumed to have a random-coiled conformation, while the latter

has been proven to be rigid rod-like.

The ‘concentrated solutions were prepared by~éissolving
predetermined composition of ABPBI/PBT in a mixed solvent of
97% (by volume) methane sulvonic acid with 3% chlcresulfonic acid.
All the polymers were used as received without further purification.
The solvents were re-distilled at reduced pressures. The solutions
were stirred at room temperature by using a magnetic stirrer for
several days until a "stable" solution was obtained. A “staﬁle“
solution is defined as a solution in which its morphology, when
observed under an optical microscope with crossed polars, does
not change. The concentrations of the solutions were expressed
in the unit of weight percentages. - |

B. Determination of the Critical Concentration

The critical concentration is the minimum concentration
of polymers in a solvent needed to yield an anisotropic phase.
This concentration was determined for a given polymers-solvent
combination by slowly "titrating" a liguid crystalline solution
of known concentration with the given solvent while ccntinﬁoﬁsiy
stirring the concentrated solution on a magnetic stirrer. The
total weight of the solution was measured, and the concentretien
calculated, until the point was reached at which light trans-
mission under crossed polars or stir—cpalescence disappeared.

The weight fraction of polymers at the critical point was then
calculated from the weight of solvent added. For each concentra-
tion, the stirring at room temperature usually lasted from three

14



days to more than a week, depending on the viscosity of the
solution.

C. Determination of the Critical or Clearing Temperature

The critical or clearing temperature is the temperature
at which the anisotropic phase in a solution of known concentra-
tion and known composition becomes isotropic. A drop of the dope
solution pressed between a microscope slide and a thin square
cover glass was heated on a hot stage at a heating rate of 2°C/min.
The morphological changes of the solution as a function of tem-
perature were observed with a polarizing light microscope under
crossed polars. The critical temperature for each solution was
determined to be that temperature at which the domain structures-
or features present in the liquid crystalline solution phase-
disappeared, completely. At this temperature the viewed area
of the microscope becomes as dark as that observed in an isotropic
solution.

A Bausch & Lomb LI-2 polarizing light microscope was
used throughout the experiments. The hot stage used was a
Mettler FP 52 hot stage with -20°C to 300°C temperature range.
The path length of the light through the solution was about
300um as measured by a micrometer.

D. Small-Angle Light Scattering (SALS)

A Spectra-Physics 155 helium-neon gas laser with wave-
length of 63288 was used. Thin film specimen was prepared from
the concentrated solution by smearing a drop of solution on a
microscope slide and subsequently quenching it in distilled water.
This quenched film was then placed between the crossed polarizer
and analyzer of the SALS apparatus. The light scattering patterns
were recorded on photographic films. The experimental arrange-

ment is illustrated in Figure 5.

E. Small-Angle X-Ray Scattering (SAXS)

The small-angle x-ray scattering experiments were
performed at the National Center for Small Angle Scattering




1
| : i
|

(CaserDH-- -

ANALYZER -

SAMPLE ,
PHOTOGRAPHIC
FILM

Figure 5. Experimental Set-Up for SALS Study.
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Research (NCSASR), Oak Ridge National Laboratories (ORNL), Oak
Ridge, Tennessee. A 5-m SAXS camera coupled with a two-dimensional
position sensitive detector was used. The x-ray source was a

CuKa radiation with a wavelength of 1.54173, operated at 45 Kv,

50 mA. Glassy carbon was used as the standard for the deter-
mination’of the transmission coefficients of the testing specimens.

The samples examined were cast films,[18’19]

[20,21]

heat treated cast

films, prepared from dilute solutions - and quenched

films - prepared from anisotropic solutions of ABPBI/PBT blends.[Zl]

F. Numerical Analysis

A computer program was written by Mr. Vincent Rodgers,
UDRI, for the numerical analysis of the phase relationships of
a (solvent/rod,llke polymer/random coiled polymer) ternary system.
The computer»program is listed in Appendix A. The program was
used to calculate the values of vl, v2, v3, y from known values
of Xor x3 and trial values of Vo and Vae These values were then
used to compose the phase diagram.

,lEaeh phase diegram may be representedlas an equilateral
‘triangle,pﬁase diagram as illustrated in Figure 6. Each corner
of the triengle represents one of the pure components, each edge
of the triangle represents the mixtures of the two components
shown on“adjacent corners, and the interior of the triangle rep-
resents mixtures of all three components. As shown in Figure 6,
any point along the binodal curve is defined by the values of
Vor Vg and vé as indicated in Figure 6. The dashed line repre-
sents the conjugated phases along which all the solutions of
different compos1t10n will have the same value of V2'
Iv. RESULTS AND DISCUSSION

A. Dilute Solutions

The dilute solutions (2% by volume of ABPBI/PBT blends) -
of various compositions were brown in color and transparent. When
a drop of such solutions was observed under crossed polars, it
appeared dark, i.e., no light was transmitted. The dilute

17
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solutions were optically isotropic. In other words, the dimensions
of the structural features (if present) in the solutions were much
smaller than the wavelength of the visible 11ght and they were
randomly orlented.

Small angle light scattering studies also indicated
that there were no superstructural units in the solution and in

the film specimen prepared from vacuum casting.

TO test if there were small structures (dimensions
of the order'of 100—10003) and if there existed long range_Orders
between them, small—angle x-ray scattering techniques were used.
The ‘'scattering patterns from the as-cast films of 80/20 and 70/30
ABPBI/PBT blends are in Flgures 7 and 8, respectively As can be

seen, the scatterlng patterns from those systems are spherlcal in
shape. This 1mp11es that the scattering particles (presumably
PBT molecules) in the film specimen must be either isotropic or

randomly oriented anisotropic regions.

17}

.For such systems, the Guinier law[ may be applied,
under the further assumption that the scattering system'is dilute,
to determine theﬂsizes of the structural units. The Guinier Law
states that,‘for scattering at extremely small angles,

26 = 0°-0.5°, the. scatterlng intensity as a function of the
scatterlng angle, 20, can be expressed as

2 = 2%, (0.434 Rgzez) (20)

where € = 260, N is the number of the scatterlng particles,

A the wavelength of x-rays, (p - po) the average electron density
difference between the scattering particle and its surroundings,
V the volume of the scattering particle, and Rg the radius of
gyration of the scattering particle.

log I (¢) = log N (p - Po)2V

A plot of log I(eg) vs 82, i.e., the so-called Guinier
plot should yield a straight line with the initial slope, o, and
the mean radius of gyration of the scattering particles can be
determined from

R, = 0.416 A J[a , = 1.54178 (21)
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The Guinier plots of the 90/10, 80/20, 70/30 ABPBI/PBT
as cast films are shown in Figure 9. The radius of gyration was
calculated according to Equation 21 to be 117, 124, and 1333,
respectively. However, as can be seen in Figures 7 and 8, the
resolution of the scattering intensity at extremely small angles
was not good - which may be due to the impurities present in the
specimens - so that interpretations of the experimentaivéata will
not be feasible at this stage. Improvements in the resolutioﬁ
can be achieved, however, by increasing the sample-to-detector
distance.

From this morphological evidence two conclusions may
be drawn. Firstly the rod-like polymer was sufficiently dispersed
so that no detectable coherent scattering could be detected.
That is, no long range order was detected. Secondly, even though
aggregates may be present in as-cast films, there is insufficient
common orientation present between aggregates to provide improved
mechanical properties and thus make casting a viable processing
technique. '

B. Moderately Concentrated Solutions

A series of 40/60 ABPBI/PBT blends of different con-~
centrations were prepared and were examined with a polarizing
microscope and‘by SALS techniques. Quenched film specimens were
also examined. The experimental results were summarized in
Table 1.

As shown in Table 1, when the concentration of the
blend was equal to or higher than 3.4%, the solutions were opaque
and exhibited stir-opalescence. When such solutions were observed
with an optical microscope under crossed polars, colored (mostly
red, yeiicw and green colors) streaked textured anisotropic
regions were observed mixed with isotropic dark regions. Optical
micrographs for such solutions are shown in Figures 10 and 1l.
Similar results were obtained for the film specimen, as shown in
Figure 12, which shows the distinct nematic featurés.
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Figure 10.

Optical Micrograph - 3.11%.
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Figure 11.

Optical Micrograph - 4.4
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Figure 12. Optical Micrograph Showing Distinct
Nematic Features.
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Small-angle light scattering patterns of the guenched

film specimens prepared from these moderately concentrated
solutions are shown in Figures 13 and 14. A so-called 45° H,

light scattering pattern (i.e., a "cross" pattern oriented 45°

with respect to the sample axis and where the scattering intensity
decreases monotonically from zero scattering angle to larger angles)
was observed for each of the film specimens studied. The

Vv LS patterns had elongated sausage-like shapes (not shown).

These results imply that the optical axis of each individual rod-
like polymer molecule (PBT) is aligned parallel to the aggregate
axis of the anisotropic domains, according to the light scattering

[16] This seems to correlate well

theory developed by R.S. Stein.
with the observations from the above discussed microscope study.
For the film specimen processed from a 4.4% solution, the angle

of the cross is less than 45° (see Figure 14) which may indicate
some degree of common orientation between the rod-like aggregates,
as also observed with the optical microscope (see Figure 11).
Detailed analysis and quantitative comparisons with the theoretical
LS patterns, at this stage,are not feasible due to the difficulty
of solving the correlation function in the development of small-

angle light scattering thecry,{l?]

For specimens prepared from more dilute solutions
(concentrations < 2.7%) no morphological features can be observed
by using optical microscope or small angle light scattering

techniques.

Manually smoothed small-angle x-ray scattering‘
intensity curves along the sample axis (0°, dashed line) and
perpendicular to the sample axis (90°, solid line) are shown in
Figure 15 (for cast film of 40/60 blend from dilute solution),
Figure 16 (for cast film of 40/60 blend from dilute solution
and annealed), and Figure 17 (for quenched film of 40/60 quenched
from 4.4 weight percent anisotropic solution). Comparing
Figures 15, 16, and 17 indicatesthat specimens processed from
dilute solution are microscopically isotropic (annealed or
otherwise) while the specimens processed from moderately

. 28



Figure 13. HV SALS 45° Pattern From a 3.4% Solution.
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Figure 14, ﬁv SALS Pattern for Film Processed
from a 4.4% Solution, the Angle
igs Less than 45°, Some Degree
of Common Orientation.
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concentrated solution are microscopically anisotropic (see Figure
17) with rod~like scattering aggregates present. A detailed
analysis of the SAXS data obtained was not feasible in support

of the optical microscope findings due to the pocr'reselutien

of the scattering intensity at small angles.

As shown in Table l’(cemyaring the two observations
made for the 2.7 weight percent blend) a true blend was achieved
only after the solution was stirred for a certain duration of
time, i.e., until the morphology in the solution did not change.

As evidenced from these morphological examinations,
there indeed exists a critical concentration, Crr somewhere
between 2.7% and 3.4 weight percent for the (solvent/ABPBI/PBT)
ternary system. When the concentration of the polymers is
greater than Cy the solution will segregate into an isotropic
and an anisotropic phase. The anisotropic phase is nematic in
characteristic and may contain most of the rigid rod-like PBT
molecules. There was no evidence for the formation of liquid
crystalline states from the ABPBI polymers, while PBT solutions
form liquid crystalline solutions {(e.g., see Figure 18)}.

C. Solution Behaviors and Phase Relationships of
(Solvent/ABPBI/PBT) Ternary Systems

As shown in the previous section, there indeed exists
a critical concehtrationf Cr for the ABPBI/PBT polyme: blend
in the mixed solvent of 97 MSA/3 CSA; beyond which (C > Cp) the
solutions segregate into two phases; i.e., there are anisotropic
nematic domains dispersed in the isotropic solution. Before look~
ing into the details of analysis and discussions of the phase
relationships (phase transitions of these ternary systems) it is
imperative to examine more closely the assumption that the
ABPBI molecules exhibit flexible-coiled conformations while the
PBT molecules exhibit rigid rod-like conformations. This is a
necessary step to elucidate the origin for the formationg . of
optically anisotropic liquid crystalline phases in these systems.

The PBT molecules, dissolved in MSA, CSA, or a mixture

of MSA/CSA have been shown to exhibit a rigid rod-like canfermation.{lS}
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The AF-R-56 ABPBI polymers, was shown by Delano,

et al.,{lg}

showed that with the sole exception of formic acid or formic

not to form optically anisotropic solutions. They

acid/m-cresol solutions, results were not forthcoming from any
solvent investigated. Even for formic acid/m-cresol concentrated
solutions, their results were contradictory. On the one hand they
claimed that "stir opalescence" was observed when the polymer
concentration was higher than 2% by weight, while on the other
hand the solution viscosity was still on the increase. Even
higher concentrations yielded either gels or undissolved particles.
This is contradictory to the usual solution viscosity behavior of
rod-like polymers as illustrated in Figure 3. Upon examination of
molecular models of the polymer, the molecule is found to be bent.
The connecting bonds between each monomer unit in the polymer
subtend an angle of 150° (Figure 19) instead of being "parallel

[20] as a criterion for the

and opposite directing" as postulated
formation of an ordered polymer solution. Two extreme conforma-
tions may be assumed for ABPBI molecules, the one being rigid
rod-like (Figure 19a) while the other is flexible coil-like

(19] indicated that the

energy required to sustain a rod-like conformation is thought to

(Figure 19b). However, Delano, et al.,

be beyond the capabilities of the ABPBI polymer. Experimentally,
we have found that up to the concentration of 4.5 weight percent
ABPBI in 97 MSA/3 CSA no LC solution was formed. Thus, it may be
safely concluded that the present ternary system is indeed a

solvent/rigid rod/flexible coil ternary system.

Following the procedure as described above, the
critical concentrations for the 80/20 (by weight), 70/30, 60/40,
and 40/60 ABPBI/PBT blends were determined. They were 4.24% (by
weight), 4.05%, 3.58%, and 3.00% for the three blends, respec-
tively, at room tempéfature. The generally decreasing trend of
critical concentrations as the amount of rod-like PBT polymer is
increased is in agreement with the predictions from Flory's

[4]

theory as shall be discussed below.
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(a) ABPBI -~ Straight Rod-Like

(b) ~ ABPBI -~ Bent

Figure 19. Molecular Model Showing Conformations
of ABPBI.
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Theoretical calculations of the phase equilibria were
carried out, according to the numerical analysis procedure as
outlined in Section III (computer program is listed in Appendix A).
Systems specified by (xz/x3} = (10/10), (50/50), (100/100),
(100/200), (100/300), (300/200), (300/300), (300/1000), and
(350/300) , where X, and X3 are axis ratios of the rod-like
solute and the coil-like solute relative to the solvent were
analyzed. Calculated phase diagrams are represented in Figures
20 through 28 for the ternary systems as specified above. 1In
these diagrams, binodials for the isotropic and anisotropic
phases are heavy lined and tie lines joining conjugate phases
are light dashed. Full ranges of the volume fractions are shown
in Figures 20 and 21. Only the upper portions of the phase
diagrams for X, = 100 are shown (with l-vl < 0.2). As for
X, = 300, only the portions with (1 - vy < 0.1) of the phase
diagrams are shown. Some of the calculated values of vy, Vir Vo
Var vlf, vz', and vs’, which were used for the constructions of
those phase diagrams, are tabulated in Appendix B for references.

-

The above theoretical calculations of the phase
relationships of the (solvent/flexible coil/rod-like) ternary
systems have shown the following results (see Figures 20 through
28, and data tabulated in Appendix B):

(i) There is a marked discrimination between the disparate
rod-like and coil-like solute species in the respective coexisting
isotropic and anisotropic phases; i.e., phase segregation occurs
when the concentration of solutes is beyond a critical point (the
critical concentration points exist along the binodial curves as
shown in the phase diagrams for any composition of the two
polymers) in which the anisotropic phase contains only the rigid
rod-like polymers and practically none of the flexible coiled
polymers {v3* < 10-4) for all the calculations performed), while
the flexible coiled polymers are retained in the isotropic phase.
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{ii} As the rod length, Xor incréases, the phase segre-
gation phenomenon is enhanced; i.e., it occurs at lower and lower
concentrations of solutes as x2 becomes larger and larger, for
any composition of the two polymer solutes.

{(iii) For any set of X, and Xy values, as more flexible-
coiled polymers are introduced; i.e., as ratio v3/v2 increases,
the phase segregation will occur at higher concentration of
polymer solutes as can be seen from the downward slope of the
binodial curves. However, when it does occur, the volume fraction
of the rod-like polymers in the anisotropic phase will be higher

(larger v,' value) and the rod-like polymer molecules are more

aligned {imailer y value) in that phase. 1In other words, as more
flexible coiled polymers were added into the solution (v3 increased),
the volume (on lattice sites) available for rod-like polymers
decreases so that the rod-like polymers have to be more efficiently
packed, and thus more aligned, in the anisotropic domains.

(iv} For such a ternary system, the effect of the chain
length of the flexible coiled polymers, X3, ON the phase diagrams
is not as marked as the effect of Xy As can be seen through
comparisons between Figures 22 through 24 and between Figures 25
through 27, for certain value of Xor the ghaSe diagrams for

various x., are similar. The dominant guantitative difference

3
between them is that the binodial curves for systems with larger

X, follow a course somewhat above that for systems with smaller

3
Xq; i.e., phase segregation occurs at somewhat lower concentra-

tions of polymer solutes for systems with larger X4 values.

Thus, for such ternary systems, as long as fhe axis
or aspect ratio of the rigid rod-like polymer and the chain
length of the flexible coiled polymer can be determined, a
theoretical phase diagram can be composed; and from which critical
concentrations for any blends of coil-like/rod-like polymers can
be predicted, the compositions of such blends can be determined,
and the degree of orientations (y values) of the rod-like polymer
molecules in the anisotropic domains can be inferred.
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The experimentally critical concentrations of four
ABPBI/PBT blends in 97 MSA/3 CSA are summarized in Table 2.
Also listed in Table 2 are theoretically calculated Ccr values
for X, = 300 and various X values. The aspect ratio of PBT
molecules was estimated to be 2938 from model compbund calcula-
tion by using repeat unit lengthcﬁle.ZR, repeat unit width of
4.6912, and polymer molecular weight of 30,000. Thus, the

adopted value of X, = 300 throughout these calculations seems to
be justified.

For the purpose of comparisons, the experimental data
are inserted onto the theoretically determined phase diagfam for
X, = 300, X3 = 300 (Figure 26). The triangular points are the
critical concentration points for the four blends studied.

As it is shown in Figure 26 and Table 2, the experi-
mental results are (within the experimental errors) in excellent
agreement with the theoretically predicted results. The difference
between the units of weight percent and volume percent are not
significant for this particular ternary system, since the densities
of the three components are about the same. The major difference
is between the experimentally determined critical concentration
points and the theoretically predicted binodial curve.  As can
be seen in‘Figure 26, the downward trend of the slope of the

experimental curve is more drastic than that of the theoretical one.

As mentioned before, the rigid rod-like polymers form
liquid crystalline solutions due to their inherent rigid chain
conformation. They are lyotropic. Some lyotropic systems may
also be thermotropic; i.e., they become isotropic on heating.
PBT polymers have been shown[18] to form nematic liquid crystal-
line solution in MSA/CSA solvent systems, and they become totally
isotropic at certain temperatures which may be called the Nematic-

Isotropic transition temperature, TN—I'

For the ABPBI/PBT blends, such thermotropic behavior
was also observed. The experimental TN-T data for the 40/60
ABPBI/PBT blends are summarized in Table 3 while that for the
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60/40 blends are summarized in Table 4. The temperature-concen-
tration phase diagram for the above two blends is shown in

Figure 29. Also listed in Tables 3 and 4 are calculated vz‘,

y values for each concentration and the observations of the
relative viscosity made for each solution. In Table 3, the phase
compositions in the anisotropic phase and in the isotropic phase,

¥ ¥ -4
Vz/v3f Va /v2 , are also listed.

The viscosity observations made for the two ABPBI/PBT
blends were qualitative. They did, however, indicate the
presence of maximum viscosity at the critical concentration, and
the generally decreasing trend of viscosity as the concentration
of polymers increases or decreases from Ccr as one would have
expected from the behavior of rod-like polymers in solution (see
Figure 3). Also, the 60/40 blends ére generally more viscous
than the 40/60 blends when they are compared at the same polymer
concentration. '

The temperature-concentration phase diagram of the ternary
systems shown in Figure 29 exhibits a similar behavior as that
of a binary system illustrated in Figure 2; i.e., there is the

sharp increase in T as the concentration of the polymers

i N-I
increases,

The phase segregation behavior in a ternary system
with C > Ccr as predicted from Flory's theory is illustrated in
Table 3. As seen in Table 3, the calculated v2/v3 ratio in the
isotropic phase decreases sharply as the concentration of the
solution increases, while the v3‘/v2’ ratio {<10—4) stays
negligibly small at all concentrations; i.e., in the biphasic
region, the coil-like polymers are excluded altogether from the
anisotropic phase while the isotropic phase retains a non-
negligible amount of rod-like polymers. Having the calculated
values of the v2/v3, v3*/v2*'{remember that the coil-like polymers
remain in the isotropic phase exclusively) and the original
composition of the two polymeric components (e.g., for 40/60
ABPBI/PBT blend, v2“/v3G = 1.5), the percentage of rod-like
polymers remaining in the isotropic phase and that which goes
into the anisotropic phase can be calculated. The calculated

results are listed in Table 3.
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ISOTROP A 60/40 ABPBI/PBT

© 40/60 ABPBI/PBT
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Figure 29. Temperature-Composition Phase Diagram of
97 MSA/3 CSA ABPBI/PBT Ternary Solutions.
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There seems to be some sort of correlations (as shown
in Tables 3 and 4) between the experimentally determined TN-T
values and the calculated y values; i.e., when the concentration

of the polymers is higher, T is higher and the value of y is

N-I ,
lower. At first glance, this correlation (between y and T

)
seems to be fictitious, since the derivation of all -the Flgr;
equations for the phase relationships of the ternary system are
based on the "athermal" condition. In other words, the solution
behaviors of such systems are independent of temperature so that
the thermotropic behavior (the existence of T ;) of our ABPBI/PBT
systems are not expected with the athermal geometric lattice model
of Flory. However, the athermal restriction is only meant to sim-
plify the theoretical treatment and to facilitate the derivation
of equations for numerical analysis, while fundamental features
predicted from the ﬁheory are preserved. Thus, one may view y
simply as a characteristic of the state of the solution. Any
thermal energetic consideration is implicitly contained in y
which defines the degree of orientation (or alignment) of the
rod-like polymer molecules in the anisotropic phases. The smaller
the y value, the higher is the degree of orientation. Hence,
for a particular composition of ABPBI/PBT (e.g., 40/60), the
thermal energy (obtained by heating) required to disrupt the align-
ment of rod-like polymers of a higher concentrated solution would
be expected to be higher than that of a lower concentrated solution.
Thus the TN—I of a more concentrated solution would be expected to
be higher than that of a less concentrated solution, when the
measurements are taken at the same heating rate. The experimental
data of Ty _; and the calculated values of y listed in Tables 3
and 4 seem to prove the validity of the above postulations. Recall
that the higher the concentration the smaller the value of y.

In conclusion, the solution behaviors of the ABPBI/PBT
systems are in quantitative (or at least semi-gquantitative)

agreement with Flory's theory.
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V.

CONCLUSIONS AND RECOMMENDATIONS

The following principal conclusions may be drawn from this

research study.

(1)

(2)

(3)

(4)

(5)

(6)

For the [(97% MSA/3% CSA)/ABPBI/PBT] ternary systems, which
are {solvent/coil-like polymer/rod-like polymer) systems,
there indeed exists a critical concentration for each of
the blends being investigated; and at the critical concen-
tration the solution viscosity of the blend is the highest.

When the critical concentrations of polymers are higher than
the critical concentration, the solutions segregate into
isotropic and anisotropic phases; and film specimens pre-
vared from such optically anisotropic solutions are macro-

scopically séparateé inhomogeneous systems.

The experimental phase behaviors of these ternary systems
are in excellent agreement with that as predicted from
Flory's Theory.

These ternary systems are also thermotropic; i.e., the
originally anisotropic solutions become totally isotropic - -
when heated to a so-called nematic-isotropic transition
tem§erature, Tn-1°

The close relationship between the experimentals observable
such as Ty-1 and the theoretically calculated parameter such
as y illustrates what one can infer from the "athermal"
geometrical model of Flory in relation to real thermal systems.

The general downward trend of the slépes of the experimental
and the theoretical binodial curves (see Figure 27) implies
that an ABPBI/PBT solution with higher PBT in composition

at its critical concentration; e.g., sheared quéncheé films
prepared from an 80/20 ABPBI/PBT solution at its critical
concentration would be more uniaxially oriented (orientations
between PBT molecules) than that prepared'from the corres-
ponding 70/30 ABPBI/PBT solution. Some preliminary SAXSgiS}
and ngszzﬁ} data do indicate such a trend.
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(7) The dilute solutions dffer none of the advantages of the
orientations of rod-like polymers in solutions.

(8) The significance in the application of Flory's theory to a
‘real ternary system such as ours lies not at its calculated
"numerical values" in the superficial sense. Rather, the
significance lies in the "physical" implications and relative
trends that one can derive from those numbers and apply them
to the elucidation and hence the understanding of the
solution behaviors of a real system. |

For our present solvent/ABPBI/PBT system, such calculations
offer us the insight of the importént parameters such as
concentration, compdsitiOn; and achievable orientations of
the solution which are critical in the processing of
composite films. ;

From the findings and conclusions indicated above, the
following are recommendations for obtaining composite films having
good physical properties. TheSe are based upon the criteria that
an acceptabie molecular composite, processed from soiution, must
have aligned rod-like molecules and in order to have reinforce-
ment of the matrix (or host flexible polymer), aggregates of the
rod-like polymer should not be present. ‘

(1) In order to achieve these criteria the following is

recommended: |

(a) Composite films should be processed from solutions at
the critical concentrations, since at this point the
solution is still isotropic but the rod-like polymers
can be oriented by external shear stresses (remember
that the critical concentration point is the onset of
the alignments rod-like polymers which lead to phase
segregation).

(b) Composite films may be processed from highly concentrated

anisotropic solutions at their T since here the

N-I’
solution is isotropic and the high concentration en-
sures easier alignment of the rod-like polymers by

external shear stresses.
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(2)

(3)

(4)

(5)

{¢) Composite films may be processed from mechanically
homogenized highly concentrated solutions, in which
good dispersion of rod-like polymer aggregates may be
achieved and the high degree of rod-like polymers is
intrinsically present in the solutions. |

The effects of molecular weight and molecular weight dis-
tributions of the rod-like polymers on the solution behaviors,
and thus the physical properties of the composite films,
should be studied in the future.

The property/morphology/processing correlations of the
ABPBI/PBT films as processed according to (1) are currently

underway and will be reported in the next technical report.

Preliminary processings and mechanical testings indicate
that films prepared from the method as indicated in (1-a)
are optically transparent (without aggregation) and have
moderate high initial modulus (e.g., for 86/2& ABPBI/PBT
film, prepared by shear quenching on glass slide has
initial modulus of 5.56 GPa. It should be cautioned that
this film was prepared by hand and is rather defective).

Finally, it should be mentioned that a SAXS technique to
study the ordering processes (orientations) of PBT molecules
in the ABPBI/PBT dope solutions under various processing
conditions (e.g., shear rate, total shear, etc.) and thus

to determine the best processing conditions of ABPBI/PBT
composite films, is currently being developed in the light

27
of a model recently being put forward by Sﬁoberg.{ ]
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APPENDIX A

COMPUTER PROGRAM LISTING




00010

- 00020

00030
00040

- 00050

00060
00070

. 00080

00090

- 00100

00110
00120
00130

- 00140

00150

- 001460
. 00170
- 00180
- 00190
. 00200
- 00210

00220

- Q0230
- 00240
- 00250
© 00260

00270
00280

- 00290
- 00300
- 00310
- 00320
- Q0330

00340
00350
003460

- 00370

00380
00390
00400

.- 00410
- 00420
- 00430

00440

- 00450

004460

- 00470
- 00480

00490
00500
00510
00520

00530
- 00540
- 00550

00560
00570

c
C

C

EXTERNAL F9

REAL F9

EXTERNAL V2SOLVE

REAL V2S0LVE

EXTERNAL V3SOLVE

REAL V3SOLVE :

ssﬁﬁaﬁfvzséTafvzsrRYsvss?G?,ITER

COMMON UirVErUZr829X3¥93F9U2P!U3PrYsﬁsB‘
READsNI¢X2¢ X3 TOL1

READ' START»STOF , .
READyV3STRT»V3STOFP» ITER ‘ C -
DELTA=START-STOF « L
DELTA=DELTA/NI

NJ=NI+1 ~

WRITE(2,101)

Do 500 J=1sNJ , ' . o
V2P=8TART-(.J~1)XDELTA . o -

WE HAVE CHOSEN V2F
SOLVE NOW FOR Y

SET=-1,+V2F

¥Yi=0,

no 15 Jr=1+40
YT=X2-X2/40. *(43 ST
F=F2(YT)
IF(FXSET.LT.0.)Y1=YT
CONTINUE

YO=0

IF(Y1.EQ.0.)GOTOAS00 ,

CALL BRISEK2(YO,Y1yTOL1sIFLAG1»1)
Y=(YO+Y1)/2. .
IF(Y.GT.X2)60T0500
IF(IFLAG1.GT.0)GOTOS00

SOLVE FOR V3 (THIS SOLVES FGR V2

ISTEP=0

CalL SOLVE(ISTEFR) ' ,
IF(ISTER.GT.0)GOTOS00 ’ ‘ :
WRITE(Z2+10)YsV1sV2,V3VIFsV2FV3F

10 FORMAT(’ ‘»6F11.67E11.3)

101

500

aoan

FORMAT (/0 »5Xr Y/ 2 PX V19X V29X V3’ 16X’U1”*8X va2s./8x/v3’ .
GOTOS00

CONTINUE

STOF

"END

FUNCTION F9(R)

COMMON V1sV2,U3,X2¢X3sV1IFy U“PsVSPrY;QsE
IF(RJEQ.0) (F9=-1.+V2FFRETURN? )
FO=EXF(-2,/R)~1.,4V2PX(1.,~R/X2)

Y=R

RETURN

END
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QR0 L

01780 FUNCTION V2SOLVE (W)
. 01790 COMMON V1,U25U3sX29X3sV1FsU2PsUSFsYsAsE
;01800 A=WX (L, =1,/X2)4VU3K(1, -1, /X3)
© 01810 ASUP=LOG (V2P /WK (X2/Y) %XX2)
= 01820 ASUF=ASUP+2.%(1.,-X2/Y)
" 01830 IF (X3/X2%XASUP LT . ~100) ASUF=X2/X3X(~50, )
. 01840 IF (X3/X2%ASUP.GT. 100, )ASUP=X2/X3%50,
. 01850 V3P=UZKEXP ( (X3/X2)%ASUP)
i 01860 B=VU2P%(Y~1.)/X24V3PX(1.~1./X3)
01870 V2SOLVE=LOG (V2P/W)~(A-B)XX2+2 . KLOG(X2/Y) +2,
- 01880 RETURN
:* 01890 END
£ 01900 C
- 01910 C
01920 FUNCTION VBSDLUE(U)
01930 COMMON v1.vzyvz,xz,xz.u1p,uzp,usp.Y,A.B
. 01940 ViP=1,~Y2P-V3P
01950  VI=VIPXEXF (-A+E+2,/Y)
y,gi?égﬁ@umwwﬂuzsangki.—91:u°~y3”u“
01970 RETURN
01980 END
01990 C
02000 C
* 01490 C _ )
01500 SUBROUTINE BIBEK3(AsByXYOL»IFLAB)
01510 IFLAG=0
01520 N=-1
01530 CALL F2(AvK)
- 01540 FA=V3SOLVE(A)
5 01550 CALL F2(BsK)
01560  FB=U3SOLVE(B)
. 01570 IF (FAXFB.LT.0.)60T05
- 01580 IFLAG=2
. 01590 5 ERROR=ABS (B~A)
" 01600 & ERROR=ERROR/2.,
. 01610 IF (ERROR.LE . XTOL YRETURN
7 01620 XM=(A+B) /2.
1 01630 IF (XM+ERROR.EQ. XM)GOTO20
. 01640 CALL F2(XMsK)
{01650 . FM=U3SOLVE (XM)
- 01660 N=N+1
i 01670 IF (FAXFM.LE.O. )90709
01680 A=XM
. 01690 FA=FM
- 031700 GOTO6
. 01710 9 B=XM
01720 GOTD6
01730 20 IFLAG=1
-~ 01740 RETURN
© 01750 END

© 01760 €

”n o wmen o




01220

- 01230
01240

- 01260

01310 5
" 01320 &
- 01330

Q1270

5. 01280
. 01290

01300

- 01340

Q1380
2 013460
- 01370
. 01380
.~ 931390
- 01400
o 1410
- 01420
. 01430 9
. 01440
T 01450 20

‘1 014460

01470

01480 C

- 00580 C

00590 €
Q04600
00610
00620
004630

00640 .

00650
004460
00670
00480

- 00690
00700

00710
00720

- 00730

- 00740 7

00750

. 00760

00770 C

. .AA=.0000001

SUBROUT INE x;ssszﬁfs;X¥aLs:FLa3;x>
IFLAG=0 .

N=~1 ,

IF (K.EQ.1)FA=F9(A)
IF(K.EQ.2)FA=V2S0LVE (A)
IF(K.EQ.1)FB=F9(B)
IF(K.EQ.2)FR=V2S0LVE (})
IF (FAXFB.LT.0.)GOTO5
IFLAG=2 =

ERROR=ARS (B-A).
ERROR=ERROR/2,

IF (ERROR + LE « XTOL YRETURN
XM=(A+B) /2,

IF (XM+ERROR . EQ. XM)GOT020
IF (KJE@.1)FM=F9 (XM)

IF (K EQ.2) FM=U250LVE (XM)
N=N+1

IF (FAXFM.LE.0,)GOTO9
A=XM

FA=FM

GOTDS

B=XM

GOTOS

IFLAG=1

RETURN

END

SUBRROUTINE F2(VsIFLAG)

COMMON Qif?2993sX29X3rViPrvEFs93PsYrﬁf§
IFLAG=0

V3=V

FA=VU2S0LVE (AA)
AB=1
FB=V2S0LVE(AR)
IF(FAXFB.GT.0.,)G0TO7
X0=AA
X1=AB
CALL SISERE(X&;XI;iE*érKrE}
U2=(X1+X0)/2.
RETURN '
IFLAG=1
RETURN
END
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- 00780

00790

7 00800
- 00810

- 00820

7 00830
- 00840

. 00850
- 00860
- 00870

- 00880
- 00890
: 00900

- q0910
- 00920

. 00930

- 00940
. 00950
- 00960

- 00970

- 00980

- 00990
. 01000

- 01010
01020
01030
01040

. 01050

- 01060

: 03070
- 01080
. 01090
- 01100
01110

- 01120
01130

. 01140

- 01150
01160
01170
01180
- 01190
01200
01210

- N

SUBROUTINE SOLVE(KSTEP)

COMMON V1,V2sVU3yX2yX3sVIPyV2PsV3P,YrAsB
COMMON/V3DATA/V3ISTRT »V38TOP Y ITER

REAL Z(1000),LOWsX(1000)
DV3=(VU3STRT-V3STOF)/ITER -

ISTOP=ITER+1

DO 1 J=1,ISTOP

X=VU3s TRIAL VALUE

X(J)=V3STRT~(J-1)%DV3
FIND CORRESPONDING VZ VALUE
CALL F2(X(J)rIFLAG)
IF(IFLABG.GT.0)GOTO7
Z(J)=V3SOLVE(X(.J))
GOTO1
Z(J)=1E40

CONTINUE
LOW=-1,E40
HIGH=1,.E40

ISET=0 :
JSET=0 -
DO 2 J=1,101

IFCZ(J) LT+ 04«ANDZ( D) +6T.LOWIGOTOL0
IFCZ(J)+GTo 04+ ANDZ(J) LT HIGH)GOTO20
GOTO2 ,

ISET=J
LOW=Z(J)
60702
JSET=J
HIGH=Z(J)
CONTINUE : '
IF(ISET.EQ.0.0KR.JSET.EQ.O0)KSTEF=10
IFCISET.EQ.0.OR.JSET.EQ.O)RETURN

FPICK UPPER AND LOWER VALUES

AND ITERATE
80=X(ISET).
S1=X(JSET)
X0=MIN(S0,51)
X1=MAX(50y81)

’
-~

HERE BISER3 WILL HAVE TO CALL F2

CALL BISEK3(XOsX1r1E~6sKI)
V3= (X14X0) /2.

RE TURN

END
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APPENDIX B

COMPUTED VALUES FOR SELECTED

AXIAL RATIOS XZ/X3
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